The role of oxidative damage in determining the replicative lifespan of Saccharomyces cerevisiae was investigated using a wild-type haploid laboratory yeast and a Cu,Zn superoxide dismutase (sod1) mutant derivative on glucose, ethanol, glycerol and galactose media. SOD1 expression was necessary to ensure longevity on all carbon sources tested. Whilst carbon source and SOD1 gene expression do influence yeast lifespan, the relationship between the two factors is complex. ß 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
The`free-radical' theory of ageing [1, 2] postulates that ageing is the result of cumulative damage to cellular components incurred by free radicals, formed primarily from reactive oxygen species during metabolism. Studies with Drosophila melanogaster [3^6] and Caenorhabditis elegans [7] support the hypothesis. The eukaryote Saccharomyces cerevisiae exhibits replicative senescence [8^14], which is determined solely by the number of divisions the cell has accomplished [9] . The free radical theory of ageing has not been previously investigated in this organism. In yeast, oxidative defence is provided by both enzymes and antioxidant macromolecules [15] . The enzymatic dismutation of the superoxide radical, O 3 2 , to form molecular oxygen and hydrogen peroxide is catalysed by two superoxide dismutases in yeast and the resulting hydrogen peroxide is in turn converted to water and molecular oxygen by catalases and peroxidases, in conjunction with several non-enzymatic mechanisms [15] . The predominant species of superoxide dismutase in yeast is the cytosolic Cu,Zn-SOD encoded by the SOD1 gene [16] , which accounts for approximately 90% of the total superoxide dismutase activity during growth on glucose [17^19]. The remaining superoxide dismutase activity is provided by the mitochondrial Mn-SOD encoded by the SOD2 gene [19^20] .
It has been demonstrated that superoxide dismutase activity is an important antioxidant in yeast stationary phase required to ensure survival after pro-longed exposure to conditions where replication is not permitted and chronological ageing occurs [21] . Here we demonstrate the impact of disruption of SOD1 on the replicative lifespan of a haploid laboratory strain of S. cerevisiae, during growth on alternative carbon sources.
Materials and methods

Strains
S. cerevisiae strains were provided by D.J. Jamieson (Heriot-Watt University, Edinburgh, UK). The sod1 disruption mutant was derived from S150-2B. Disruption of the SOD1 gene was achieved by the method of Rothstein [22] as described in Jamieson et al. [17] . S150-2B: MATa, ura3-52, trp1-289, his3-v1, leu2-3, 112
DJY 122: MATa, ura3-52, trp1-289, his3-v1, leu2-3, 112, sod1: :TRP1
The sod1 disruption was veri¢ed by Southern blot analysis and PCR (data not shown).
Growth conditions and media
Cells from the original stock plate were inoculated onto separate agar slabs (see below) using a sterile loop and lifespan determination experiments were performed on replicate groups of 10 cells per slab. The cells were incubated at 25³C during the day and visually inspected every 2 h to monitor growth. Overnight the cells were incubated at 8³C to limit growth. Nutrient agar contained: 2% (w/v) peptone, 1% (w/v) yeast extract, 1.2% (w/v) agar, supplemented with 2% (w/v) of one of the following carbon sources: glucose, ethanol, galactose or glycerol. Manganese-supplemented agar contained 4 mM MnCl 2 .
Micromanipulation
Replicative lifespan was determined using micromanipulation [11] . Lifespan data were analysed for statistical signi¢cance with the two-tailed Student's t-test, assuming unequal variance between each data set.
Results and discussion
Is yeast longevity on glucose dependent upon SOD1 expression?
Under glucose-repressing conditions, yeast only performs fermentative metabolism, which occurs in the cytosol, and Cu,Zn-SOD (encoded by SOD1) provides up to 90% of total cellular SOD activity [19] . To determine if the Cu,Zn-SOD activity in£u-enced cellular lifespan in S. cerevisiae, cohorts of cells from a wild-type haploid strain and a sod1: :TRP1 mutant were propagated on YPD containing 2% glucose as sole carbon source. Using micromanipulation, individual cells were monitored throughout their replicative lifespans, from newly emerged bud to senescent mother cell. By recording the number of divisions accomplished by each cell, age-speci¢c mortality pro¢les for each strain were obtained. Values for the mean replicative lifespan of each strain, in conjunction with the average age of the upper decile, max 10% (the 10% most long-lived cells, used as a measure of the maximum proliferative potential of the population), are shown in Table  1 .
A signi¢cant di¡erence in lifespan between the sod1 mutant and the wild-type strain was observed during growth on the fermentative carbon source glucose (P 9 0.001). The mean lifespan of the sod1 mutant demonstrated a 50% reduction compared with that of the wild-type (Table 1 ). In addition, scavenging activity, and when added exogenously to growth media, is capable of rescuing the growth arrest phenotype of sod1 cells incubated under hyperoxic conditions [23] . The optimum concentration for rescue of sod1 cells under 100% oxygen was found to be 4^8 mM Mn 2 , since at higher concentrations the cytotoxic nature of the cation progressively inhibited growth [23] . To demonstrate that the reduced lifespan exhibited by the sod1 mutant was the result of impaired free radical scavenging, cells were grown on glucose media supplemented with 4 mM Mn 2 . This concentration was selected to minimise any potential toxic e¡ect on the cells resulting from Mn 2 accumulation. The addition of 4 mM Mn 2 to YPD agar containing 2% glucose led to a signi¢cant increase (P 9 0.001) in the mean and maximum replicative lifespan of the sod1 mutant DJY122 (Table 1) . However, a signi¢cant decrease (P 9 0.001) in replicative lifespan was observed for the wild-type strain (Table 1 ) which resulted in both strains exhibiting similar lifespans (Fig. 1) . In sod1 cells, the toxicity due to 4 mM Mn 2 accumulation must therefore be outweighed by the bene¢t derived from lower levels of superoxide damage. Thus SOD1 expression is necessary to ensure longevity in yeast utilising glucose and this requirement for SOD1 is due, at least in part, to its superoxide radical-scavenging activity.
Is longevity a¡ected during respiratory growth on ethanol?
To further characterise the in£uence of the SOD1 gene expression on yeast lifespan, we investigated the e¡ect on lifespan of respiratory metabolism. During growth in medium containing 2% ethanol, SOD1 (Cu,Zn-SOD) expression decreases by approximately 30%, compared with levels observed in 1% glucose [20] suggesting that if SOD1 expression was necessary to ensure longevity in yeast, growth on ethanol would be expected to result in a reduced mean and maximum lifespan for the wild-type strain. However, Muller et al. [9] reported an increased lifespan for wild-type cells grown on this non-fermentable carbon source suggesting that ethanol in£uences longevity in other ways. The impact of ethanol as a carbon source on the longevity of the wild-type and sod1 deletion mutant strain was therefore examined. Growth on ethanol signi¢cantly extended the maximum lifespan (Table 1) of the wild-type strain (P 9 0.05) and the sod1 mutant (P 9 0.001), but similar mean lifespans were recorded for each strain on glucose and ethanol (Table 1, Fig. 2) .
We postulate that the reduced Cu,Zn-SOD activity is particularly disadvantageous for young yeast cells resulting in increased mortality. However, older cells appear to bene¢t from growth on ethanol suggesting that this carbon source may impact on the ageing process via alternate mechanistic pathways. Therefore the deletion of SOD1 dramatically reduces the proliferative capacity of cells utilising either glucose or ethanol.
Does growth on alternate carbon sources a¡ect lifespan?
To determine if the altered ageing pro¢le (with increased mortality of young cells and decreased mortality of old cells) observed during growth on ethanol was a speci¢c e¡ect of this molecule, or simply a result of derepression of respiratory metabolism in general, we incubated cells on the alternative carbon sources glycerol and galactose. WesterbeekMarres et al. [20] reported similar expression levels of the Cu,Zn-SOD on ethanol, glycerol and galactose. Since growth on these three carbon sources exhibits similar SOD1 expression levels any di¡erences in longevity observed would be a function of carbon source metabolism and not SOD activity. The threecarbon glycerol molecule is a non-fermentable carbon source which would be expected to yield a similar mean lifespan for a given strain as that observed on ethanol. If the extension in maximum lifespan observed during growth on ethanol was due to derepression of respiratory metabolism, an increase in maximum longevities on glycerol would also be expected. The six-carbon sugar galactose supports a low level of fermentative metabolism, and it was postulated that although the mean lifespan would not signi¢cantly di¡er from that observed on glucose, glycerol or ethanol, the maximum lifespan which appears to be a¡ected by derepression may be greater than that observed on glucose, but less than that observed on glycerol or ethanol. As expected, growth on glycerol had no signi¢cant e¡ect on the mean proliferative capacity of wild-type cells in comparison with glucose (Fig. 3A) or ethanol (Table 1). Also, the maximum lifespan did not signi¢-cantly di¡er from that observed on glucose (P 9 0.001), indicating that the extension in maximum lifespan observed on ethanol did not result from derepression of respiratory metabolism. The e¡ect of glycerol on the lifespan recorded for the sod1 mutant demonstrated a signi¢cant reduction (P 9 0.001) in both mean and maximum lifespan when compared to growth on glucose (Table 1) . Propagation on 2% glycerol shifted the entire lifespan distribution for the sod1 strain DJY122 to the left : increasing mortality at all replicative ages (Fig.  3B) . The reason that growth on glycerol should be more deleterious to cells lacking functional SOD1 than growth on ethanol is not known, and remains the subject of further investigation.
Growth on galactose, in comparison, signi¢cantly increased the mean lifespan of both strains (P 9 0.001, Fig. 3 ), a result which has been corroborated by work on an unrelated haploid strain in our laboratory (M.G. Barker and K.A. Smart, unpublished data). Again the mortality pro¢les for the wild-type and sod1 strains were similar, with both displaying a reduced mortality at all replicative ages. A signi¢cant increase (P 9 0.001) in mean and maximum lifespan was observed for both the wildtype and sod1 mutant (Table 1) , though the mechanism by which this occurred is not known. It is clear that carbon source greatly in£uences longevity in yeast, though the extent of the e¡ect is not related to the level of derepression of respiratory metabolism generated and the mechanism involved is likely to be complex in nature. Cu,Zn-SOD is necessary to ensure longevity in yeast, and SOD1 expression exerts a dominant in£uence on mean and maximum lifespan during both fermentative and respiratory growth. Fig. 3 . Replicative lifespans of (A) wild-type cells (S150-2B) and (B) the sod1 (DJY122) mutant cells incubated on YP containing either 2% glycerol or 2% galactose as sole carbon source, compared with the mortality pro¢les obtained from growth on 2% glucose. Data for the glycerol mortality pro¢les were obtained for 69 wild-type cells and 61 sod1 cells respectively. Data for the galactose mortality pro¢les was obtained for 66 wild-type cells and 67 sod1 cells respectively.
